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PHYSICAL MODEL TESTING OF SUPERCRITICAL FLOW DIVERSION 
FOR COMBINED SEWER OVERFLOW CONTROL 
 
Tony LOESER 
IIHR - Hydroscience & Engineering, University of Iowa, United States, tony-loeser@uiowa.edu  
 
Abstract: In this study, a 1:8 scale physical hydraulic model was used to demonstrate that a novel 
widening ramp concept was applicable for diverting supercritical inflows for a proposed regulator 
chamber and also to establish design dimensions for the proposed structure to meet project goals. The 
following conclusions were determined from the testing. The widening ramp concept proposed for 
this project was able to adequately pass the full range of design inflows of 0-425 MGD without 
experiencing undesirable flow conditions that would produce excessive water depths while meeting 
the diversion goals of the project. The proposed diversion conduit could adequately pass the range of 
diverted discharges without affecting the hydraulic performance of the regulator chamber. The results 
of this study establish the potential for the widening ramp structure to be utilized for tackling other 
challenging supercritical flow diversion problems.  
  
Keywords: Supercritical flow diversion, Widening ramp, Combined sewer separation 
 
INTRODUCTION 
Combined sewer systems (CSS) are single-pipe systems that convey sanitary sewer and/or industrial 
wastewater to a wastewater treatment facility. During rainfall events, storm water runoff is also routed 
to this pipe network and combines with the wastewater. For large rainfall events, the capacity of the 
CSS or the wastewater treatment facility may be exceed and results in the discharge of untreated 
sewage directly to surface water bodies via safety outlets. This is called a combined sewer overflow 
(CSO). CSO reduction/elimination is a priority water quality objective for nearly 860 municipalities 
(EPA, 2018) across the United States that operate combined sewer systems.  
A regulator chamber is a structure placed in-line on a CSS and is used as a means to divert flows to 
an offline storage or conveyance system that can accommodate higher inflow volumes. Subsequently, 
the diverted inflows can still be treated prior to final discharge to a surface water body. CSO’s can 
also be reduced by intercepting storm water runoff prior to it entering the CSS. For this project, storm 
water interception was the focus, in which the diverted flows are being routed to a treatment plant 
prior to final discharge. The design challenge of the regulator chamber discussed in this study is the 
steepness of the upstream existing sewer, which produces supercritical inflow conditions. Typical 
flow diversion measures that work for flow in the subcritical regime do not work as well for 
supercritical flows due high energy losses, which can result in a hydraulic jump and potentially 
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undesirable flow depths.   
A 1:8 scale physical hydraulic model was used to demonstrate that a unique widening ramp concept 
that had been successfully implemented in a stormwater regulator in New South Wales, Australia 
(VAN DRIE and HERNGREN, 2006 and 2007) would be applicable for diverting supercritical 
inflows for a proposed regulator chamber in Lynchburg, Virginia. The widening ramp concept was 
identified as a potential option by a design team from the Alexandria, Virginia office of Greeley & 
Hansen, Inc. (G&H). Through G&H’s communications with Rudy VAN DRIE (referenced above) 
and a subsequent literature search, it is believed that the New South Wales regulator is the only 
documented application of such a structure being used for diverting supercritical inflows.  
The proposed regulator chamber (inset in Figure 1) included a widening channel section combined 
with a raised channel bottom (ramp) and a sidewall diversion orifice upstream of the ramp. 
 
Fig. 1 – Physical model study components 
The premise of the widening ramp regulator chamber is that energy is dissipated as the inflow contacts 
the ramp. For low inflows, a hydraulic jump occurs and the energy dissipation is great enough that a 
resulting conjugate depth standing wave forms in the area upstream of the ramp and the flow enters 
the diversion conduit via the sidewall orifice. Up to a certain inflow threshold, 100% is diverted. As 
inflow increases beyond this threshold, a portion of the inflow is diverted and the remainder exits the 
regulator chamber over the ramp. For a range of inflows, a hydraulic jump still occurs and a conjugate 
depth standing wave remains present upstream of the ramp. The widening of the channel/ramp allows 
for lateral expansion of the flow that exits over the ramp instead of vertically, which could cause 
undesirable water depths. At a point, identified herein as the hydraulic jump sweeping out, the energy 
in the inflow becomes great enough that a hydraulic jump no longer occurs and the portion of the 
flow that exits over the ramp remains supercritical.  
In this project, the City of Lynchburg’s 2014 Long Term Control Plan defined the project’s diversion 
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goals. The overall project goals were to design the regulator chamber such that it would: (1) 
completely intercept inflows up to 60 million gallons per day (MGD) and divert them into the adjacent 
diversion conduit; (2) pass peak inflows up to 425 MGD through the regulator chamber without 
experiencing unacceptable water depths, while still diverting a portion of the inflow; and (3) limit the 
diverted flows during high flow events to less than 80 MGD for inflows up to 360 MGD. The physical 
model was used to determine the design dimensions of the proposed structure to meet those 
objectives. 
 
MODEL DESIGN, CONSTRUCTION, AND CONSIDERATIONS 
The physical model was constructed with marine plywood and transparent acrylic segments where 
visualization of the diversion structure hydraulics were desired. Testing was performed in two phases. 
Phase I focused on proving that the concept of using a widening ramp for supercritical flow diversion 
was feasible for the regulator chamber and for preliminary determination of the dimensions required 
to meet the objectives as specified in the City’s 2014 Long Term Control Plan. Phase II included 
testing a variety of geometries and sizes for the sidewall diversion orifice opening to balance the flow 
diversion capabilities at low inflow and high inflow conditions, as well as to determine if the diversion 
conduit could adequately pass the diverted discharges without adversely affecting the hydraulic 
performance of the regulator chamber.  
 
Physical model extent 
The existing sewer is constructed of rock blocks with varying geometry and slopes. It has approximate 
dimensions of 5.2-feet wide by 7.2-feet tall with an arch shaped top near the flow diversion location. 
The physical model included approximately 229 feet (full-scale dimension) of the existing sewer 
upstream of the location of the proposed regulator chamber. The upstream sewer section included a 
variable width section (~92 feet), capturing the first three width changes closest upstream of the 
proposed regulator chamber. Three grade changes were captured in the existing sewer portion of the 
model as well.  
 
Model scaling considerations 
Accurate simulation of flows in a laboratory model requires geometric, kinematic, and dynamic 
similarity (ETTEMA, et al., 2000). However, it is not possible to achieve similarity of all forces when 
utilizing the prototype fluid and using an alternative fluid is generally not practical, so similarity is 
sought only among the dominant forces (NOVAK, et al., 2010). Flows that involve free surfaces, 
such as flows in conduits like the one being tested, are dominated by gravitational, inertial, and 
pressure forces. The Froude number is a dimensionless number defining the ratio of inertial to 
gravitational forces and kinematic similarity (i.e. similarity of velocity and acceleration components) 
is achieved if Froude numbers for the model equal the Froude numbers of the full-scale structure 
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(prototype). Energy dissipation is adequately simulated in a Froude-scaled model, provided the flow 
is sufficiently turbulent (NOVAK, et al., 2010). For this study, the physical model was constructed at 
1:8 scale based on Froude scaling laws. This scale provides adequate Reynolds numbers to ensure 
fully turbulent flow. 
Sewer roughness 
The painted plywood channel surfaces representing the existing sewer were smooth in the model, 
resulting in higher velocities in the approach channel than would occur in the existing combined 
sewer, which is constructed of rock blocks with varying geometry. Approach velocities, and 
subsequent energy associated with momentum of the flow, influence the performance of the design 
by affecting the flow depth in the channel and location of the hydraulic jump/conjugate depth standing 
wave when it forms for certain conditions.  
Approach velocities in the existing sewer for specified discharges were estimated utilizing computer 
hydraulic modeling simulations produced by G&H using existing field dimensions, as well as a 
computer hydraulic model (HEC-RAS) developed by IIHR – Hydroscience & Engineering using 
scaled model dimensions and inflows. Based on the results of the computer modelling, roughness 
elements (e.g., coarse sand, pebbles) were added iteratively to the plywood floor and walls of the 
model sewer approach channel to reduce velocities to match expected values.  
Roughness can be difficult to quantify. In application, empirical resistance coefficients have 
historically been used. One such resistance coefficient is the Gauckler-Manning Coefficient, which 
is often called the Manning’s Roughness Coefficient and denoted as n. This empirically derived 
coefficient is dependent on several factors, including surface roughness and sinuosity. Based on 
observed flow depths (occurring at measurement sections in the model with known channel width 
and slope) resulting from known discharges, an n value was estimated using Manning’s equation. 
Prior to adding the roughness elements, the Manning’s n value in the smooth channel was 
approximately 0.009. The Manning’s n value for the model with the roughness elements added was 
approximately 0.0147. Froude scaling of Manning’s n is described as np = nm x Lr1/6 (WEBB, et al., 
2010), where the subscripts p and m denote prototype and model values respectively. Lr is the 
geometric length ratio used for the physical model, which in this case was 8. Using this scaling 
method, an equivalent prototype Manning’s n for the Lynchburg channel would be approximately 
0.0208, which falls in the typical range of published Manning’s n tables (CHOW, 1959)  for channels 
constructed such as the existing Lynchburg sewer.   
 
Flow conveyance and measurement 
A 75hp pump with a variable frequency drive (VFD) controller supplied water to the model. Precise 
control of model flow rates was provided by a butterfly valve in the feed line and the VFD.  The 
volumetric flow rate was measured with a Badger M2000 electromagnetic flow meter.  The 
manufacturer states accuracy of ± 0.25% for the range of flows tested. The diversion discharge was 
determined using a v-notch weir built into a tail box that provided adequate stilling of the water 
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surface for accurate depth measurements, which were obtained using a Rickly Type-A point gauge. 
Water surface elevations in the model segment representing the existing sewer and depth 
measurements over the crest of the widening ramp were obtained with the same style point gauges. 
Velocity measurements were collected using a Nixon Streamflo series instrument with a 404 standard 
high speed velocity probe. 
 
TEST RESULTS AND OBSERVATIONS 
Phase I – Initial performance of concept 
The physical model for the regulator chamber was initially constructed with a 2:1 expansion wall, a 
2:1 contraction wall, and a ramp height of 2.6-feet (full-scale dimension). The initial configuration 
proposed for the structure was based on the design methodology developed by VAN DRIE and 
HERNGREN (2006 and 2007) for maintaining critical flow over the ramp during the 25-year storm 
inflow (360 MGD). However, the ramp height was determined to be too low to adequately divert 
100% of inflow up to 60 MGD. It was determined that the ramp height needed to be 5.1-feet to be 
high enough to stop the inflow and create the standing wave condition for 60 MGD inflow. Periodic 
splashing or surging over the ramp crest was observed from instability and movement of the hydraulic 
jump/standing wave location. Testing with the increased ramp height identified that the full-sized 
sidewall diversion orifice created when abutting a 4-foot square diversion conduit to the chamber 
wall allowed too large of diverted discharges at higher inflow conditions. Subsequently, an adjustable 
orifice restrictor plate was placed across the top of the opening to reduce diverted discharges. The 
addition of the restrictor plate to the top of the sidewall orifice demonstrated that it was feasible to 
get the regulator chamber to operate near the desired range of flows. However, it was observed that 
adding a restrictor plate to regulate diverted discharge during high inflows slightly reduced the 
diverted discharge for the 60 MGD inflow. It was determined that the widening of the channel at a 
2:1 expansion rate performed adequately over the range of tested flows. It was observed that as 
inflows increased and the supercritical flow passed over the ramp, there was a noticeable wave and 
upwelling that resulted from the water striking the wall of the 2:1 contraction section.  
The Phase I physical model testing demonstrated proof of concept that the novel widening ramp 
diversion structure could be feasible for utilization in the Lynchburg regulator chamber. It was 
recommended the concept ramp be replaced with a new ramp equivalent to 5.25-foot high (full-scale) 
and that the diversion sidewalls be changed from 2:1 expansion and 2:1 contraction to 2:1 expansion 
and 3:1 contraction.  
 
Phase II – Final testing with addition of diversion conduit 
The physical model construction was modified to include a ramp that was built 5.25-feet high (full-
scale) with a 2:1 expansion wall and a 3:1 contraction wall. The diversion conduit was also added to 
determine if the conduit could adequately pass the diverted discharges without adversely affecting 
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the hydraulics in the regulator chamber. As a part of the Phase II testing, the sidewall diversion orifice 
restrictor plate was further evaluated to optimize the balance of flow diversion capacity at low flow 
and high flow conditions. The final configuration selected for the diversion opening was 1.5-feet high 
by 9-feet wide (full-scale).  
 
Inflow and corresponding diverted discharges 
Inflow rates to the regulator chamber were selected based on return period inflows provided by G&H, 
as well as for intermediate inflow rates where unique phenomena were observed to occur. For the 
final testing configuration with 60 MGD inflow, diverted discharge was measured to be 57.2 MGD. 
Once again, intermittent splashing occurred over the ramp as a result of the transient nature of the 
hydraulic jump/standing wave moving in the vicinity of the face of the ramp and the sidewall orifice. 
See Figure 2 for photo of the regulator chamber at 60 MGD inflow. 
 
Fig. 2 – Final testing configuration of the regulator chamber – 60 MGD inflow 
 
Diverted discharge increased with inflow up to approximately 212 MGD. At this point, the hydraulic 
jump was still occurring in the regulator chamber and the depth of water over the full width of the 
sidewall orifice was at a maximum, resulting in a diverted discharge of 76.7 MGD. As inflow 
increased beyond 212 MGD, the location of the hydraulic jump/standing wave moved closer to the 
face of the ramp and diverted discharge decreased. Figure 3 shows 234 MGD inflow. 
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Fig. 3 – Final testing configuration of the regulator chamber – 234 MGD inflow  
 
The hydraulic jump completely swept out at an inflow of approximately 249 MGD and the diverted 
discharge decreased to 62.8 MGD. Diverted discharges once again increased as inflow continued to 
increase beyond 249 MGD as the depth of water over the sidewall orifice continued to increase. For 
testing with inflows up to 425 MGD, the hydraulic jump remained swept out and the regulator 
chamber adequately passed these inflows without an undesirable hydraulic jump or excessive water 
depths. The diverted discharge reached 85.1 MGD at 425 MGD inflow. A photo with 425 MGD 
inflow is shown in Figure 4. 
 
Fig. 4 – Final testing configuration of the regulator chamber – 425 MGD inflow 
 
Table 1 provides a full listing of the final inflows and related diverted discharge values for the 
regulator chamber testing. These data are plotted in Figure 5. 
 
7th International Junior Researcher and Engineer Workshop on Hydraulic Structures, IJREWHS'19, B. HEINER and B. 
TULLIS (Eds), Report 2, U.S. Bureau of Reclamation, Denver, CO, USA - ISBN 978-0-578-69809-0 
https://doi.org/10.26077/2s9r-ad12 
 
8 
Table 1 – Inflow and related diverted discharges 
Ramp height of 5.25-feet, diversion orifice restrictor plate set at 
1.5-feet above floor. Phase II conduit added – vented. 
Inflow (MGD) Diverted Discharge (MGD) 
35.1 35.1 
50.0 50.0 
54.0 54.0 
60.0 57.2 
108.1 62.8 
132.2 70.3 
156.3 73.5 
187.4 75.1 
212.0 76.7 
234.0 75.1 
246.2 70.3 
258.4 65.8 
360.0 78.3 
425.0 85.1 
   
 
Fig. 5 – Inflow and related diverted discharges 
 
Diversion Conduit Analysis 
It was determined that the diversion conduit required venting to maintain free surface flow. Venting 
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was added to the diversion conduit in the model with options to vent either from the atmosphere near 
the regulator chamber or from the regulator chamber directly. The pipe used in the model for venting, 
as well as the hole placed in the regulator chamber wall was 1.5-inches in diameter, or an equivalent 
of 1-foot diameter at full-scale. Testing showed that both options provided adequate air flow into the 
diversion conduit to maintain free-surface flow for the full range of inflows/diverted discharges 
documented for the final testing configuration. Without venting, the diversion conduit filled, resulting 
in pressurized flow conditions in which diverted discharges increased, exceeding the conduit’s 
capacity. With venting provided, the diversion conduit adequately passed discharges of 0-76.7 MGD 
for diverted flows generated prior to the hydraulic jump sweeping out (inflow of ~249 MGD). It was 
observed for diverted discharges of 80 MGD or greater that occurred from pre-hydraulic jump sweep 
out inflows, the diversion manhole could not adequately pass the flow, causing filling of the pipe 
section between the manhole and the diversion conduit transition vault. However, the diversion 
conduit was able to adequately pass the 85.1 MGD diverted discharge that occurred with the 425 
MGD inflow (post-hydraulic jump sweep out conditions). 
Diverted discharges generated without the orifice restrictor plate exceeded the ability of the diversion 
conduit to maintain free surface flows for inflows of 108.1 - 156.3 MGD, with splashing out of the 
top of the diversion manhole for inflows of 132.2 and 156.3 MGD. As the hydraulic jump/standing 
wave moved closer to the face of the ramp and then swept out, the diverted discharges decreased for 
inflows of 187.4 - 234 MGD. Diverted discharges increased as inflow increased beyond 234 MGD. 
A diversion discharge of 119.9 MGD was observed at the model’s tail box with an inflow of 360 
MGD (25-year inflow); however, the actual diverted discharge was higher, as diverted flow was 
ejected out of the top of the diversion transition vault and the diversion manhole, indicating the 
diversion conduit capacity was greatly exceeded. No test was conducted for inflow of 425 MGD 
without the orifice restrictor plate.   
  
CONCLUSION 
Effective diversion of supercritical flows for CSO control has been a challenging hydraulic design 
issue. Physical model testing demonstrated the novel widening ramp concept proposed for the 
regulator chamber in Lynchburg, Virginia was applicable and the design dimensions for the regulator 
chamber were derived through the use of the physical model. The Lynchburg regulator chamber was 
designed for a site specific range of inflows and allowable diverted discharges. This was also the case 
for the New South Wales, Australia regulator and likely will be the case for other applications of 
using the widening ramp concept for diversion of supercritical flows. However, the results of this 
study establish the potential for the widening ramp structure to be utilized for tackling other 
supercritical flow diversion problems. Without straightforward design guidelines to follow for future 
applications, physical modelling will be an advantageous tool to determine design dimensions for the 
use of the widening ramp for diversion of supercritical flows.  
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